A novel negative magnetoresistance effect is found in four-terminal measurements of the voltage drop across a short constriction of variable width in a high-mobility two-dimensional electron gas. The effect is interpreted äs the suppression by a magnetic field of the geometrical constriction resistance in the ballistic regime. Quantitative agreement with a simple model based on a Landauer-type formula is obtained.
A novel negative magnetoresistance effect is found in four-terminal measurements of the voltage drop across a short constriction of variable width in a high-mobility two-dimensional electron gas. The effect is interpreted äs the suppression by a magnetic field of the geometrical constriction resistance in the ballistic regime. Quantitative agreement with a simple model based on a Landauer-type formula is obtained.
In a two-dimensional electron gas (2D EG) the ballistic transport regime has become accessible because of advances in microstructure fabrication and the growth of high-mobility GaAs-Al x Gai-x As heterostructures.' Injection of ballistic electrons in a 2D EG, and the existence of skipping orbits at the 2D EG boundary, was recently directly demonstrated in a transverse electron focusing experiment, 2 while van Wees et al. 3 and Wharam et a/. 4 reported the discovery of the quantized two-terminal resistance of ballistic point contacts. For a ballistic 2D EG in the absence of a magnetic field, one finds 3 for the classical two-terminal resistance R2t
with kp = (2nn s ) '/ 2 the Fermi wave vector and n s the electron concentration in the constriction of width W. The two-terminal resistance does not contain Information on the distribution of the voltage drop over the sample. This distribution is the focus of interest in this paper.
Voltage probes on the sides of a narrow channel are a source of diffuse scattering. We have, therefore, chosen for an alternative geometry 5 in which the voltage probes are positioned on wide 2D EG regions, adjacent to a smooth constriction consisting of a narrow channel of length 3.4 μπι and width between 0 and l jum (see inset of Fig. 1 ). The sample is fabricated on a high-mobility GaAs-AUGai -x As heterostructure, with a sheet carrier concentration « 5 =3.25χΐ0 15 Γη~2 and a mean free path / = 10 μπι. By employing a split-gate lateral depletion technique 6 to define the narrow 2D EG region, the channel width can be varied continuously. We observe a temperature-independent (between 50 mK and 4 K) negative four-terminal magnetoresistance R^, once the narrow region is defmed (see Fig. 1 ).
The result (l) for the two-terminal resistance in zero field corresponds to the classical limit of the quantummechanical expression 3 ' 7 with yv m in the number of occupied l D electric subbands in the constriction, where the 2D EG has its minimum width (for a square-well lateral confinement potential of width W, 7V mm is given by the largest integer smaller than kpW/π). As demonstrated experimentally in Ref. 8 , the two-terminal resistance of a ballistic sample in a magnetic field is still given by Eq. (2), but with 7V min replaced bŷ min(^)> the number of occupied hybrid magnetoelectric subbands (or quantum channels) in the narrow region. Here l c = hkf/eB is the classical cyclotron radius. Equation (3) describes the crossover from electric subbands to Landau levels, äs the magnetic field is increased.
To obtain an expression for R^ from Eqs. (2) and (3), we consider the four-terminal geometry of Fig. 2 . Electrons are injected at the left-hand side of the constriction, within Δμ above £>. A fraction of these is transmitted through the constriction, leading to a current 7=Δμ/β/?2ί· In a perpendicular magnetic field, the incoming and transmitted electrons are localized at the upper boundary of the 2D EG in edge states at the Fermi level 7 -provided the width of the regions leading to the constriction exceeds the cyclotron diameter (which is the case experimentally, except for 5<10~2 T). Classically, these edge states correspond to electrons skipping along the boundary. 2 The four-terminal resistance is defined äs /^^(μ,τ, -μκ)/βΙ, where μ/, and μκ are the electrochemical potentials measured by the two voltage probes shown in Fig.  2 , at the left-and right-hand side of the constriction. The left voltage probe, which is in equilibrium with the incoming electrons at the upper boundary, has μι=Ερ+Αμ. We assume that the transmitted electrons in the edge states near the right voltage probe have reached a local equilibrium. This seems reasonable for a voltage probe several inelastic scattering lengths away from the constriction. As discussed above, the total current / is then shared equally among the 7V w jde subbands in the wide regions. More preciscly, one has erate) Landau levels in the wide regions. Collecting results, we find the simple formula For a constricted electron gas with a homogeneous density, Eq. (4) predicts a negative magnetoresistance, with R4, decreasing from its zero-field value Ri t to zero in a field ränge of IhkpleW. Physically, this is due to the fact that, äs B is increased, a larger and larger fraction of the edge states is transmitted through the constriction. We note that the above argument predicts a Hall resistance Rn = (h/2e 2 )Nwib in the wide regions, unaffected by the presence of the constriction. If this result is combined with Eq. (2), one again obtains the result (4), since
We now return to a discussion of the experimental data. We note that a background resistance RQ (about 300 ü) is measured in series with the purely ballistic contact resistance. For gate voltages around the depletion threshold the electron-gas density is fairly uniform. In this case, we find good agreement with Eq. (4) with W treated äs a free parameter. This is illustrated by the data for V g = -0.3 V in Fig. 1 . Also, the value found for the width, 0.8 μηι, is quite plausible, the lithographic width of the split in the gate being ~ l μηι.
The magnetoresistance at higher negative gate voltages is somewhat more complicated, because of the reduction of the carrier density n s in the constriction. 9 The result (4) for the four-terminal resistance now contains a reduced value for kp -(2nn s ) {^ in the expression for -/V m j n . This explains the crossover to a positive magnetoresistance observed at higher gate voltages (with nonzero Shubnikov-de Haas minima at high fields). In Fig. l , we have only presented data up to B =0.6 T, because for higher fields the Hall resistance measured over the wide regions shows deviations from the value (h/2e
2 )(kfl c l 2) ~' which vvould follow from the average density in the wide regions. (These deviations may be due to inhomogeneities in the carrier density, leading to filamentary current flow in this high-field regime.) The two-terminal resistance in the quantum Hall regime is only determined by the carrier density in the constriction. We can thus independently find this density from the high-field twoterminal resistance. The weak-field magnetoresistance is subsequently fitted to Eq. (4), with a constant background resistance /?o = 315 Ω for the curves corresponding to V g = -l to -3 V. In view of the fact that the constriction width W is the only free parameter, we consider the agreement found in Fig. l for a ränge of gate voltages to be quite satisfactory. Also, the resulting parameter values are reasonable.
The negative magnetoresistance effect described in this paper has a different physical origin than the eifect found by Choi et al. 10 in narrow multiprobe channels with a probe Separation L much longer than the mean free path /. We discuss this effect for the constriction geometry relevant to this paper (for L »/ these geometries should be equivalent). The relation between the two effects can be understood from the Landauer 7 formula R^t = (hl 2e 2 )Nmin(l -r) ~'. This formula is the extension of Eq. (2) to the case that a nonzero fraction r of the electrons injected into the constriction scatters back into the wide 2D EG regions.'' The corresponding expression for the four-terminal resistance is /?4/ = (A/2e 2 ) x L/Vmin(l -r)" 1 -Nvib]. As one can see from Eq. (3), the number of occupied subbands N m \ n in the constriction is approximately field independent for 2/ c ^ W. The magnetoresistance effect discussed earlier (for r=0) is thus mainly due to the field dependence of N^ide-We now argue that the effect of Choi et a/.
10 is caused by a reduction of the backscattering probability r in this field ränge. The reason is that, upon raising the field, the left-and rightmoving electrons in the constriction become increasingly localized in edge states at opposite boundaries, 7 so that backscattering (which requires scattering from one boundary to the other) is less likely to occur. Finally, we remark that one can see an effect closely related to the effect found by Choi et a/, in the magnetoresistance data of multiprobe ballistic channels, reported in Ref. 1. In these devices, a nonzero r is likely to occur because the voltage probes on the side of the channel act äs diffuse scatterers. The reduction of r in a weak magnetic field then again leads to a negative magnetoresistance. 12 It would be of interest to study the field dependence of the backscattering probability r theoretically.
